In the present experiment, the authors applied LA-ICP-MS to multi-elemental imaging of peanut seeds. A primary screening test on the target elements was carried out, covering all of the elements that have stable natural isotopes, from Li to Bi with the exception of rare gases. The signals of Th and U were also included in the screening test. The results showed that significant signal intensities could be obtained for C, Mg, P, K, Mn, Fe, Cu, Zn, Rb, Sr, Mo and Ba. Therefore, measurements of these elements were carried out for peanut seeds in the following experiments.
The LA-ICP-MS analysis was conducted by coupling a UP-213 (New Wave Research, USA) LA system and an Agilent 7700x (Agilent, Japan) ICP-MS instrument. In order to obtain a maximal sample, a spot size of 110 μm (the maximum of the present LA instrument) with the maximum output energy (ca. 3 mJ) was applied to the LA, where a typical depth of the ablation pits was approximately 50 μm. The LA sampling and the ICP-MS measurement were synchronized by sending the starting-signal from the LA system to the ICP-MS instrument. The elemental imaging was carried out using Graph-R software (developed by Mr. Tohru Itoh, Japan). The raw peanut seeds grown in Japan (Ibaraki) and China were respectively purchased from the market. The majority of peanut seeds analyzed were those produced in Japan, with those from China being analyzed to check the dependence of the elemental distribution on the region where peanuts were grown.
In order to check the natural elemental profiles, a peanut seed was manually broken and LA-ICP-MS measurements were carried out on one of the halves of the peanut seed containing the plumule (embryonic shoot), hypocotyl (embryonic stem), and the radicle (embryonic root). The elemental-images of 24 Mg, 31 P, 39 K, and 95 Mo in two samples are, representatively, shown in Fig. 1(a) . It can be seen from Fig. 1(a) that the profiles of the elements depended on the shape of the sample, and relatively stronger signals of the elements were observed at some locations. Relatively stronger signal intensities of 31 P and 39 K were observed at the plumule and the radicle of both samples. Furthermore, it is noteworthy that relatively stronger signals of 95 Mo were observed at the location of the radicle. This characteristic profile was found in the peanut seeds both from Japan and China and was not observed for other elements.
In order to confirm the Mo profile, further measurements were carried out for the plumule, hypocotyl, and radicle parts. The distributions of eleven elements in a peanut seed were obtained by elemental imaging with laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). The distribution of Mo was significantly different to those of other elements, such as K, P, and Mg. It was also confirmed that this typical enrichment of Mo was not dependent on the region where the peanut seed was planted. The enrichment of Mo was observed in the radicle of peanut seed, and was further confirmed by the isotopic ratio of Mo. The results for vertical-cut radicle, hypocotyl, and plumule.** (c) The results for horizontal-cut radicle and hypocotyl.*** *, Five replicates had been carried out parallel to each sample; the elemental image patterns are similar to one another. **, The cutting plane is parallel to the image in Fig. 1(a) . ***, The cutting plane is perpendicular to the image, and is parallel to the bottom line in Fig. 1(a) . Operating conditions: the energy fluency of the laser was approximately 31.6 J/cm 2 . Multi-elemental imaging of a sample was carried out by multiple line-scans with a line-to-line distance of 100 μm. The scanning speed for each line was 100 μm s -1 . The ICP-MS instrument was working under the collision cell mode with 3.5 mL min -1 helium gas as the collision gas. The radio frequency power and the carrier gas of the ICP-MS were, respectively, 1500 W and 0.7 L min -1 argon gas. Measurements of the elements were carried out using the time-resolved mode, one point per peak, and the dwell time was 0.015 s, which permitted collection of 5 sets of data for each target element in one second.
The samples were separated manually, and cut with a stainlesssteel blade to obtain a flat surface for measurements. The correlation between the sample quantity and the signal intensity of 12 C was investigated to confirm the usefulness of 12 C as the internal standard. The correlation factor (R 2 ) between the signal intensities of 12 C and the square of the LA spot diameter (40, 65, 80, and 110 μm) was better than 0.99. Because the output energy of the laser was fixed, the sample quantity was in correlation to the LA spot diameter. These results showed that the signal intensity of 12 C was in correlation to the sample quantity generated by the LA. Furthermore, the signal intensity of 12 C was steady and independent of the parts (e.g., plumule, hypocotyl, and radicle) of the sample when the output energy and the spot diameter were fixed. Therefore, the signal intensities of 12 C were used for normalization of the signal intensities of other elements in order to reduce the effect of any sampling quantity variation. The normalized signal intensity was calculated as Sele-i = Sele-i × SC-avg/SC-i, where Sele-i, Sele-i, SC-avg, and SC-i are the normalized signal intensity and the raw signal intensity of the element at data point i, the average signal intensity of 12 C in the sample, and the raw signal intensity of 12 C at data point i, respectively. The 12 C-signals normalized elemental-images of 11 elements are shown in Figs. 1(b) and 1(c). It should be noted that the elemental-images in Figs. 1(b) and 1(c) were respectively obtained for vertical and horizontal cross sections of the plumule, hypocotyl, and the radicle parts of peanut seeds. It can be seen from Fig. 1(b) Fe were observed at the radicle and that of 65 Cu were observed at both the plumule and the radicle. On the other hand, relatively stronger signal intensities for 88 Sr and 137 Ba were observed at the top of the radicle, while relatively stronger signal intensities for 95 Mo were observed at the radicle parts around the hypocotyl.
The elemental-images in Fig. 1(c) were obtained for a horizontal-cut cross-section of the radicle and hypocotyl. It can be seen that relatively stronger signal intensities of 24 Mo were also measured throughout the present work, and their results in all of the samples were similar to the parallel results of 95 Mo. The signal intensities of Mo isotopes and their ratios are, respectively, plotted in Figs. 2(a) and 2(b) , where the data were obtained from one of the scanning lines in Fig. 1(b) at y-axis of 5.4 mm. It can be seen from Fig. 2(a) that the signal-intensity profiles of the Mo isotopes were similar to one another. Furthermore, it can be seen from Fig. 2(b) that the signal intensity ratios were relatively stable over the range from 35 to 55 s, and close to the isotopic ratios of natural Mo ( 97 Mo/ 95 Mo, 0.600, blue solid line; 98 Mo/ 95 Mo, 1.516, green solid line). These results proved that relatively stronger signal intensities for Mo isotopes did not suffer from significant spectral interferences.
A quantification analysis with ICP-MS after microwave assisted acid digestion using HNO3, H2O2, and HF was carried out on the peanut seeds ground in Japan, which were separated into two parts, i.e. the cotyledon and all other parts containing the radical, the plumule, and the hypocotyl. The concentrations of 18 elements including all of the elements shown in Fig. 2 were determined. The concentrations of most elements were generally equivalent in the two parts of each seed. However, the concentration of Mo in the part containing the radical was significantly higher than that in the cotyledon, by ca. 5-fold. The concentrations of Mo in the part containing the radical and that in the cotyledon were 2.2 (1.1) mg kg -1 and 0.56 (0.25) mg kg -1 , respectively, while the values in the brackets are the standard deviations obtained from the results of 7 peanut seeds. These results confirmed the relative enrichment of Mo in the radical of peanut seeds, as observed in the present work. The quantification results of the elements in peanut seeds will be reported in detail in an article following the present work.
Conclusions
The enrichment of Mo in the radicle of peanut seed was observed and confirmed from the results in the present experiment. However, according to the authors' knowledge, the mechanism for this kind of Mo enrichment is not clear to date. Therefore, further research on the speciation of Mo in peanut seeds is required and could provide important information help to understand this phenomenon. Some reports have shown that the deficiency of Mo in the soil limited the yield of plants, 25 and the distribution of Mo was relatively enriched in the roots of whole plants. 26 It is found in the present work that Mo was enriched in the radicle (i.e. the embryonic root) of the peanut seed; this might be relative to the function of nitrate reductase which requires Mo for its activity. 27 It is known that peanut seeds are one of the nutritional sources that is abundant in Mo, 24 the present results showed that the Mo content in peanut seed is enriched in the radicle. This characteristic distribution of Mo might be applied to develop a Mo-supplement food using the peanut radicle.
In the present work, discussion on the elemental imaging was carried out based on the signal intensities of the element, which indicated the relative distribution of the elements in the sample. Some reports showed that LA-ICP-MS with matrix-matching calibration could provide quantitative imaging results of the elements in plant samples. 11, 17 The authors are trying to establish a quantitative imagining method for the elements in peanuts by LA-ICP-MS.
